Abstract: Shale gas is one of the primary types of unconventional reservoirs to be exploited in search for long-lasting resources. Production from shale gas reservoirs requires horizontal drilling with hydraulic fracturing to achieve the most economic production. However, plenty of parameters (e.g., fracture conductivity, fracture spacing, half-length, matrix permeability, and porosity, etc) have high uncertainty that may cause unexpected high cost. Therefore, to develop an efficient and practical method for quantifying uncertainty and optimizing shale-gas production is highly desirable. This paper focuses on analyzing the main factors during gas production, including petro-physical parameters, hydraulic fracture parameters, and work conditions on shale-gas production performances. Firstly, numerous key parameters of shale-gas production from the fourteen best-known shale gas reservoirs in the United States are selected through the correlation analysis. Secondly, a grey relational grade method is used to quantitatively estimate the potential of developing target shale gas reservoirs as well as the impact ranking of these factors. Analyses on production data of many shale-gas reservoirs indicate that the recovery efficiencies are highly correlated with the major parameters predicted by the new method. Among all main factors, the impact ranking of major factors, from more important to less important, is matrix permeability, fracture conductivity, fracture density of hydraulic fracturing, reservoir pressure, total organic content (TOC), fracture half-length, adsorbed gas, reservoir thickness, reservoir depth, and clay content. This work can provide significant insights into quantifying the evaluation of the development potential of shale gas reservoirs, the influence degree of main factors, and optimization of shale gas production.
INTRODUCTION
Shale-gas production has drawn worldwide attention over past several years and has changed the energy equation around the world. Shale gas refers to natural gas that is trapped within fine gained sedimentary rocks called shale or mudstone, which can be rich source rocks for oil and natural gas. Shale gas reservoirs are organic-rich formations, and the natural gas in shale gas reservoirs is stored by two mechanisms, free gas and adsorbed gas, which is different from conventional gas reservoir. The permeability of shale gas reservoirs is extremely low on the order of micro-darcy to nano-darcy [1 -5] .
In order to increase well productivity, production from shale gas reservoirs requires horizontal drilling with hydraulic fracturing to achieve the most economic production. However, there are many uncertain parameters [6 -9] . Shale gas reservoirs exhibit complexity across several factors, which can have significant impact on productivity, depending on the production technologies employed. Therefore, to develop an optimal way for quantifying uncertainties and optimization of shale gas production is highly desirable.
Many works have examined the influencing factors on the productivity of shale gas reservoirs. Many researchers [10 -12] studied the influencing factors of production performance focus on the geologic features and petro-physical properties of tight gas reservoirs. Wei et al. concerned the impact of TOC on the potential of shale gas in southern China [13] . Fullmer et al. used a pore geometry characterization approach to investigate the influences of microporosity on oil recovery [14] . However, Yu and Sepehrnoori paid attention to the impacts of the exclusive features in shale gas reservoirs, such as non-darcy flow behavior, gas desorption, and geomechanics [7] . However, Joshi simulated various fracture models using a fracture simulator to observe their impacts on the well productivity [15] . Previous works show that many scholars have evaluated the development potential of shale gas reservoirs through various methods, but the selected parameters are not comprehensive, or the weight of parameters is determined by subjective assignment method, leading to the reduction in objectivity and accuracy of parameters.
This work focuses on analyzing the main factors during shale-gas production, including petro-physical parameters, hydraulic fracturing parameters, and work conditions on shale gas production performances. Firstly, the key influencing parameters on shale-gas production, from the fourteen best-known shale gas reservoirs in the United States, are selected through the correlation analysis method. Secondly, grey relational analysis (GRA), which is a new analysis method and proposed in the Grey system theory, is used in this work, and the objective weight of each parameter is determined by the grey correlation degree theory. Then, the multiple-attribute evaluation model is established for quantitatively estimating the development potential of target shale gas reservoirs and the impact ranking of main factors. The objective is to provide significant insights into quantifying the uncertainty, characterization of main factors, and optimization of shale-gas production.
KEY PARAMETERS FOR DEVELOPMENT OF SHALE GAS RESERVOIRS
Fourteen North American shale plays are used as units of analysis in this paper. The map of them is shown in Fig. (1), and their stratigraphy and depositional environments are labeled in Table 1 . Fig. (1) . Map of North American shale plays [16] . In order to study the impacts of the main factors on gas production, reservoir depth (RD), reservoir thickness (RT), clay content (CLT), reservoir pressure (RP), matrix permeability (MP), porosity (POR), Young's modulus (YM), total organic carbon (TOC), thermal maturity (TM), adsorbed gas (AG), water saturation (S w ), horizontal well length (HWL), density of hydraulic fractures (N f ), fracture half-length (h f ), fracture conductivity (F C ), bottom hole pressure (BHP), and the first year decline rate (1 st DR) which are easily quantified are selected. These key parameters are obtained from fourteen typical shale gas reservoirs in the United States [17 -32] , as shown in Table 2 . Among all the main factors, some parameters may have similarities in data structure, which may result in an increase of workload and the interference of data accuracy. Therefore, in order to make all the main factors be independent, some derivative parameters can be abandoned based on the criterion of correlation coefficient. The correlation coefficient matrix of all the main factors is obtained using the SPSS statistical analysis software, as shown in Table 3 . Subsequently, combining with the field experience and setting the liminal value as 0.9, we can see that the selected seventeen parameters have well independence. Note: The matrix permeability is taken as the control variable in the SPSS correlation analysis.
MODELING OF GREY RELATIONAL GRADE
Assume that the number of shale gas reservoirs to be evaluated is n, denoted as, X={x 1 ,x 2 ,x 3 ,·,x n }, is m, denoted as, V={v 1 ,v 2 ,v 3 ,·,v m }, also known as evaluation indices. Thus, x ij (i=1, 2, ·, n; j=1, 2, ·, m) means the j-th parameter of the i-th shale gas reservoir. Then, n shale gas reservoirs and m parameters compose the matrix Z=(x ij ) n×m , which is the so called evaluation matrix.
To have a uniform standard, the evaluation matrix Z should be normalized in the grey relational analysis [33] . In this paper, the indices are classified into three types: benefit index, cost index, and fuzzy index. The value of the benefit index is the larger the better. The value of the cost index is the smaller the better. The value of the fuzzy index is optimal at the intermediate number.
Determination of Reference and Comparison Sequences
Denote the attribute value of parameter v j to the corresponding ideal target shale gas reservoirs x as x j , then;
(1) where I 1 , I 2 , I 3 represent the subscript set of the benefit type, cost type, and fuzzy type, respectively. x j is the theoretical optimal value of parameter v j . The matrix A=(x ij ) (n+1)×m is the so called evaluation matrix of the set X of target shale gas reservoirs to the set V of parameters.
Treatment of the Initial Data
In order to cancel out the dimensions, the initial data is non-dimensionalized firstly using the following equation:
  
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(2)
Thus, A'=(x ij ) (n+1)×m is the initialized matrix of A.
Meanwhile, the range can be calculated using the following equations. The maximal range is
(3)
and the minimal range is (4)
Calculation of the Correlation Coefficients
The ideal shale gas reservoir is regarded as the primary sequence, and the shale gas reservoirs to be evaluated are regarded as the subsequence. Then, the correlation coefficient r ij can be calculated as follows; (5) where ρ is the identification coefficient, and it is between 0 and 1. Generally, it is set as 0.5 [34] .
Determining the Weight of Parameters (6)
Then, the correlation coefficient of the primary index and the subindex:
Calculate the average value according to the column of matrix Y=(y ij ) n×m , and then normalization processing is performed:
Choose the parameter which most significantly impacts on the evaluation result as the primary index, and assume the c-th parameter has the most significant influence on the evaluation result. It is denoted as . Based on the experiences of shale gas development, the matrix permeability is selected as the primary index in this work. The other parameters are sub-indexes and are denoted as , in which j=0, 1, 2, ·, m, but j≠c. The correlative grade between the primary index and the sub-indexes reflects the influence degree of every parameter to the evaluation result, and can be set as the weight of parameter. First, the initial data is also nondimensionalized firstly using the following equation: .
where the matrix W=(w 1 ,w 2 ·,w m )
T is the weight of each parameter. The synthetically weighted value, f ij = r ij ×w j , can be regarded as the evaluation value of the exploitation potential of the shale gas reservoirs. A larger weighted value indicates that the shale gas reservoir to be evaluated is closer to the ideal target shale gas reservoir and the development efficiency will be better.
RESULTS AND DISCUSSION
According to the Grey Relational Grade model, we select the matrix permeability as the primary index and then the weight of every parameter is obtained as T . The correlative grade of every shale gas reservoir is shown in Table 4 . Calculate the synthetically weighted value to achieve F=(f ij ) n , and then F=(0.6712, 0.5293, 0.5978, 0.5798, 0.6217, 0.5222, 0.5914, 0.5312, 0.5536, 0.6437, 0.6379, 0.5302, 0.6421, 0.6251). We can see that the ranking exploitation potential of each target shale gas reservoir from large to small is Bakken, Fayetteville, Montney/Doig, Haynesville/Bossier, Muskwa, New Albany, Duvernay, Utica/Point Pleasant, Eagle Ford, Woodford, Wolf Bone, Marcellus, Barnett, and Niobrara. This is in accordance with their recovery efficiency 14.0%, 13.5%, 13.0%, 12.5%, 11.0%, 10.0%, 8.5%, 7.0%, 6.8%, 6.6%, 6.0%, 5.6%, 5.3%, and 5.0%, respectively. The calculating results is in accordance with the field result, as shown in Fig. (2) , which indicates that the established grey relational grade model is accurate and reliable. Therefore, it can be applied for the evaluation of the exploitation potential of shale gas reservoirs, and the evaluation of the impacting degree of main factors for optimizing the production of shale gas reservoirs. Fig. (2) . The relation between integrated weight value and recovery efficiency of the fourteen shale gas reservoirs.
According to the calculated weight of every parameter, the impact ranking of main factors from more important to less important is the matrix permeability, fracture conductivity, fracture density of hydraulic fracturing, reservoir pressure, TOC, fracture half length, adsorbed gas, reservoir thickness, reservoir depth, clay content, porosity, horizontal length, thermal maturity, BHP, water saturation, and Young's modulus, as shown in Fig. (3) . Fig. (3) . The impact ranking of main factors for the development of shale gas reservoirs.
CONCLUSION
In this paper, we put forward a new tool to analyze the main factors of shale gas production. Both the definitions and steps are described. The subjective factors and objective factors as well as the interrelation of every parameter are considered synthetically, making the calculation of the weight and evaluation model more reliable. Then, fourteen shale gas reservoirs are used to verify this method and some conclusions are achieved:
